Conclusions: Higher dietary intake of animal fat and two or more servings per week of red meat may increase risk for microalbuminuria. Lower sodium and higher ␤-carotene intake may reduce risk for eGFR decline.
D
ietary modification represents an attractive intervention to prevent kidney function decline. Higher-protein diets have been hypothesized to result in progressive chronic kidney disease (CKD) (1, 2) , possibly through glomerular hyperfiltration (3), but scarce data are available on other nutrients or in people with preserved kidney function.
Diet studies of macrovascular cardiovascular disease (CVD) may be useful in constructing hypotheses for kidney microvascular disease manifesting as microalbuminuria (MA) and estimated GFR (eGFR) decline. Higher saturated and transunsaturated fat intakes have been associated with an increased risk of CVD (4, 5) , whereas monounsaturated and polyunsaturated fats (4), high fiber, and antioxidant vitamin supplementation (6,7) may be protective against vascular endothelial injury.
Therefore, we investigated how individual dietary nutrients, including protein (total, animal, vegetable, dairy, and nondairy), fat (total, saturated, trans, monosaturated, polyunsaturated, animal, and vegetable), cholesterol, fiber (total, soluble, and insoluble), antioxidant vitamins (vitamins A, C, E, and ␤-carotene), vitamin D, folate, fructose, sodium, and potassium, are associated with MA and eGFR decline. We hypothesized that higher intake of total and animal protein, saturated fat, transunsaturated fats, cholesterol, fructose, and sodium would increase risk for MA and eGFR decline, whereas higher intake of vegetable protein, monounsaturated and polyunsaturated fat, fiber, antioxidant vitamins, vitamin D, and potassium would be associated with a decreased risk.
Materials and Methods

Participants
The Nurses' Health Study (NHS) was initiated in 1976 with the enrollment of 121,700 U.S. nurses ages 30 to 55 years. This cohort is followed through biennial mailed questionnaires related to lifestyle factors and health outcomes. Between 1989 and 1990, 32,826 participants provided blood samples that were shipped overnight and stored at Ϫ130°C (8) . In the year 2000, 18,720 of these participants submitted a second blood and spot urine specimen under the same handling and storage conditions. Participants who did and did not return blood samples were similar in terms of demographics and lifestyle characteristics.
Participants were from a substudy of analgesic use and renal function (9) or a substudy of type 2 diabetes and kidney function who had plasma creatinine measured in both 1989 and 2000 collections and/or urinary albumin to creatinine ratio (ACR) measured from the 2000 collection. The women in the analgesic study (n ϭ 3876) had returned supplemental questionnaires regarding lifetime analgesic use. Among those who returned the analgesic questionnaire, 2712 women had plasma creatinine and urinary ACR data; we also included 730 women from the diabetes substudy. From this combined group (n ϭ 3442), we included those with cumulative average dietary and urine ACR data in the year 2000 (n ϭ 3348). The majority (n ϭ 3296) also had plasma creatinine measured in samples collected in 1989 and 2000.
Assessment of Nutrient Intake
The semiquantitative food frequency questionnaires (FFQs) were designed to assess average food intake of more than 130 foods and beverages over the preceding year (10) . A standard portion size and nine possible frequency of consumption responses, ranging from "never or less than once per month" to "6 or more times per day," were given for each food item. Total energy and nutrient intakes were calculated from the reported frequency of consumption of each specified unit of food or beverage and from published data on the nutrient content of the specified portions (10) . Previous validation studies among members of the NHS revealed good correlations between nutrients assessed by the FFQ and multiple weeks of food records completed over the preceding year (11) . For example, correlation coefficients between 1986 FFQ and diet records obtained in 1986 were 0.68 for saturated fat, 0.48 for polyunsaturated fat, and 0.78 for crude fiber (12) .
For analyses of MA, cumulative average energy adjusted nutrients for each participant were calculated from FFQs returned in 1984, 1986, 1990, 1994 , and 1998, as described previously (4) . Because direct associations were consistently seen between MA and nutrients derived from animal foods, we also examined the association between cumulative average red meat consumption (including beef, regular and lean hamburger, bacon, hot dogs, and processed meats) and MA.
For analyses of eGFR decline, cumulative averages of nutrients in 1984, 1986, and 1990 were used. We also examined associations between only the most recent FFQ and MA (1998) or eGFR decline (1990) to assess whether the cumulative effect of diet over several years or the immediate preceding diet were associated with the renal outcomes of interest differently.
Measurement of Urinary ACR
Urinary assays were performed on spot collections submitted in the year 2000; urinary creatinine concentration was measured by a modified Jaffe method (coefficient of variation (CV) 1.6%). Urinary albumin was measured using solid-phase fluorescence immunoassay using the Hitachi 911 analyzer and Roche diagnostics reagents (Indianapolis, IN) with a lower limit of detection of 0.1 mg/L (CV 8.0%). A urinary ACR of 25 to 355 g/mg was used to define MA; this sex-specific cutpoint for women has been reported to approximate a urinary albumin excretion rate of 30 to 300 mg per 24 hours (13), which is traditionally considered clinically relevant MA. In this study, 205 women (6.1%) met the criterion for MA. There were 36 women with macroalbuminuria (ACR Ͼ355 g/mg) who were excluded from the albuminuria analyses.
Measurement of Kidney Function Decline
Plasma creatinine was analyzed using a modified kinetic Jaffe reaction (CV 10% (14) . An eGFR decline of Ն30% between 1989 and 2000 was considered to be a clinically significant change and has been used in previous analyses of renal function decline in NHS participants (15) . We also examined "rapid" eGFR decline, defined as Ն3 ml/min per 1.73 m 2 per year, which has been previously used as a cutoff that reflects three times more rapid decline than expected by normal aging (16) .
Assessment of Covariates
Race and height were initially reported on the 1992 questionnaire. Other self-reported clinical and lifestyle variables, including weight, hypertension (HTN), smoking status, physical activity, CVD (angina, myocardial infarction, coronary artery bypass surgery, percutaneous coronary revascularization, or stroke), and BP medication use, were reported on the biennial questionnaires. Questionnaire data collected closest to the year when kidney function was measured (the 1988 questionnaire for eGFR decline and the 2000 questionnaire for urinary ACR) were used ( Figure 1 ). Many of these variables have been previously validated through direct medical records review (17, 18) .
Participants reported new physician-diagnosed diseases, including diabetes, by physicians on the biennial questionnaires. We mailed a diabetes supplementary questionnaire to all women reporting diabetes to obtain further information about the date of diagnosis, symptoms, diagnostic tests, and treatment. We used the National Diabetes Data Group criteria to define diabetes self-reported up to the 1996 biennial questionnaire (19) ; the American Diabetes Association diagnostic criteria for diabetes released in 1997 were used for incident cases of diabetes reported in 1998 and after (20). Self-reported diagnosis of type 2 diabetes using the diabetes supplementary questionnaire has been established as 98% accurate in a separate validation study through medical records review (21) . Because the onset of abnormalities in glucose handling can precede the diagnosis of type 2 diabetes by 10 years or Figure 1 . Timeline of questionnaire and biological data collection in NHS for these analyses. Questionnaires are administered every 2 years beginning in 1976, but only questionnaire data that included diet assessments are shown, except for the year 2000 questionnaire. FFQs asking about diet over the previous 12 months were administered in 1984, 1986, 1990, 1994, and 1998. more (22, 23) , we considered a participant who was diagnosed with diabetes up through the year 2000 as having diabetes.
Statistical Analysis
Wilcoxon rank sum and 2 tests were used to compare differences between groups. Independent variables were quartiles of cumulative average nutrients, with the lowest quartile as the referent category. A cumulative average approach was chosen because it generally reflects long-term diet and also likely reduces measurement error from intraindividual variation over time (4) . Logistic regression was used to examine associations between quartiles of nutrients and presence of MA in 2000 or eGFR decline Ն30% decline or "rapid" eGFR of Ն3 ml/min per 1.73 m 2 per year between 1989 and 2000.
Multivariable models were adjusted for age, hypertension, body mass index (BMI), ever smoked, physical activity, CVD, and diabetes. For the outcome of MA, angiotensin-converting enzyme inhibitor or angiotensin-type 2 receptor blocker medication use and eGFR in 2000 were also included.
Change in dietary intake over time was also assessed using an ANOVA (24) . All analyses were performed with SAS software, version 9.1 (SAS Institute Inc., Cary, NC). This study was approved by the Partners' Healthcare Brigham and Women's Hospital Human Research Committee Institutional Review Board.
Results
Study Participants and Dietary Factors
Median age was 67 years, 97% were Caucasian, 54% had HTN, and 24% were diabetic (Table 1) . Cumulative average medians and ranges of relevant energy-adjusted nutrients are given in Table 2 . There was Ͻ15% mean difference in energyadjusted dietary intake for each individual nutrient between each questionnaire year and baseline FFQ data, suggesting that dietary intake remained relatively similar over time.
Cumulative average dietary animal protein was significantly inversely correlated with vegetable protein (r ϭ Ϫ0.25, P Ͻ 0.001). Saturated fat was highly correlated with animal fat (Spearman r ϭ 0.84, P Ͻ 0.001) and moderately correlated with cholesterol (Spearman r ϭ 0.43, P Ͻ 0.001). Animal protein and animal fat were significantly directly correlated (r ϭ 0.41, P Ͻ 0.001), as were animal fat and cholesterol (r ϭ 0.63, P Ͻ 0.001). Total dietary vitamin E and folate were also correlated (r ϭ 0.54, P Ͻ 0.001). Sodium intake was moderately associated with dietary fats (Spearman correlations 0.11 to 0.18) and minimally associated with vitamin intake (Spearman correlations Ϫ0.01 to Ϫ0.04).
We present only those results that were significant in multivariable adjusted models for either MA or eGFR decline Ն30% when comparing quartile 4 to quartile 1 of dietary intake.
Microalbuminuria
In this cohort, 205 women (6.1%) had MA. After adjusting for covariates, animal protein, saturated fat, animal fat, and cholesterol remained independently associated with presence of MA (Table 3 ). Higher intake of vegetable protein had a border- Results expressed as median or %. Note: There were 3348 with ACR data, but 36 women with ACR Ͼ355 were excluded from ACR analyses; 3296 with eGFR decline data. ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin-type 2 receptor blocker.
a P Ͻ 0.001 when compared to ACR Ͻ25 g/mg or eGFR decline Յ30% referent groups. b P Ͻ 0.01 when compared to ACR Ͻ25 g/mg or eGFR decline Յ30% referent groups.
line inverse association with MA. BMI and diabetes status substantially attenuated the associations between these nutrients and MA. When animal protein, vegetable protein, and animal fat were included in a multivariable model, the magnitudes of the associations were attenuated and lost statistical significance. We did not create multivariable models that include animal fat and saturated fat or cholesterol because of the high correlations between these nutrients. Intake of two or more servings a week of red and processed meat was associated with MA (multivariable odds ratio (OR): 1.51; 95% confidence interval (CI): 1.01 to 2.26) when compared with less than one serving per week. When the nutrient data from the most recent questionnaire year (1998 only) were used instead of cumulative average values, results were consistent but attenuated (data not shown). Using eGFR decline instead of eGFR in the 2000 in adjusted models of MA also did not meaningfully change the results.
eGFR Decline
Of the 3296 women with data for eGFR change, 380 (11.5%) experienced an eGFR decline Ն30% between 1989 and 2000; this reflected a median increase in plasma creatinine of 0.33 mg/dl. Median eGFR in 1989 was 84.5 ml/min per 1.73 m 2 , and only 147 women (4.5%) had eGFR Ͻ60 ml/min per 1.73 m 2 at that time. Those who had eGFR decline Ն30% were more likely to have HTN, diabetes, CVD, higher BMI, and be on an angiotensin-converting enzyme inhibitor or angiotensin-type 2 receptor blocker medication (Table 1) .
Higher intakes of total fat, saturated fat, animal fat, and sodium were significantly directly associated with eGFR decline in multivariable models, whereas low-fat dairy was inversely associated (Table 3) . After adjusting for nondietary covariates, higher intakes of ␤-carotene (OR: 0.56; 95% CI: 0.40 to 0.78), vitamin E (OR: 0.68; 95% CI: 0.50 to 0.93), and folate (OR: 0.74; 95% CI: 0.55 to 1.00) were inversely associated with eGFR decline, but only total ␤-carotene intake remained significant after adjusting for vitamin E and folate (Table 4) . Limiting the nutrient analyses to those with baseline eGFR Ͻ80 ml/min per 1.73 m 2 at baseline (n ϭ 1278) (9) did not meaningfully change any of the observed associations (data not shown). In a model that included all nutrients that remained significantly associated with eGFR decline after multivariable adjustment, only higher dietary sodium intake remained directly associated with eGFR decline Ն30%, whereas higher ␤-carotene intake was inversely associated (Table 5 ). In those without baseline HTN (n ϭ 2329), the highest quartile of sodium intake was still associated with eGFR decline Ն30% (multivariable OR: 1.69; 95% CI: 1.13 to 2.54, P for trend ϭ 0.008).
Red and processed meat intake was not associated with eGFR decline Ն30% nor with eGFR decline Ն3 ml/min per 1.73 m 2 per year. In multivariable models, only the highest quartile of sodium remained significantly associated with eGFR decline Ն3 ml/min per 1.73 m 2 per year (OR: 1.68; 95% CI: 1.14 to 2.46).
Stratification by Diabetes Status
Because those with diabetes comprised a large percentage of those with MA or eGFR decline, stratified analysis by diabetes status was performed. Associations between dietary nutrients and MA or renal function decline did not vary by presence of diabetes (all interaction terms P Ͼ 0.25).
Discussion
MA and modest decrements in eGFR are powerfully associated with subsequent overt kidney disease (25) , cardiovascular risk (26 -28) , and all-cause mortality (28, 29) . We report that dietary factors may be important modifiable risk factors in decreasing risk for MA and kidney function decline in people with well-preserved eGFR at baseline. Specifically, diets higher in animal protein, animal fat, and cholesterol may be associated with MA. Diets lower in sodium but higher in ␤-carotene may be protective against eGFR decline. Results using only the most recent FFQ data were quantitatively very similar, but associa- Only nutrients with significant multivariable ORs are included.
tions were attenuated for most nutrients, suggesting that longterm intake may be more important. Our findings are consistent with an analysis of diet patterns and albuminuria in over 5000 participants of the Multi-Ethnic Study of Atherosclerosis, which reported a direct association between each additional serving per day of nondairy animal food intake with ACR (30) . No results for eGFR decline were reported in the Multi-Ethnic Study of Atherosclerosis, however.
Consumption of animal fat significantly alters kidney structure and function. Wistar rats fed a high-animal fat diet of lard and egg yolk had decreased glomerular number and size (and greatest increase in BP) when compared with rats fed a high-fat diet of canola oil, which is high in monounsaturated fat (31) . In aging rats fed canola oil, fish oil, or butter, eGFR decline was greatest in those animals who received butter, which is high in saturated fat (32) . Published literature on dietary fat and MA in humans is currently very limited, however. One observational dietary study of 48 Australian type 1 diabetics with MA compared with 130 diabetics without MA found an OR of 4.9 (1.2 to 20.0) when comparing the highest to lowest quintile of saturated fat intake for risk of MA (33). We are not aware of other published data on the relation of dietary fat intake and kidney function decline in adults either general population studies or in type 2 diabetes.
Because high intake of animal protein promotes renal damage in experimental animal models (3), the effect of low-protein diets on eGFR decline in humans has been of interest. The Modification in Diet in Renal Disease study was the largest randomized trial examining the effect of a low-protein diet (0.6 g/kg per day versus 1.3 g/kg per day) on progression of renal insufficiency in 585 subjects with moderate chronic kidney disease (GFR 25 to 55 cc/min); of note, only 3% had type 2 diabetes. With a mean follow-up of only 2.2 years, the investigators did not find a significant difference between the diet groups or BP groups (34) . The utility of protein restriction in GFR decline has remained controversial in light of two subsequent meta-analyses. Pedrini et al. (2) found that a low-protein diet significantly reduced risk for renal failure or death (relative risk: 0.67; CI: 0.50 to 0.89). By incorporating additional subsequent trials, the second meta-analysis detected a very small benefit of only 0.53 ml/min per year in reduction of decline of GFR; however, the beneficial effect of a lower-protein diet was more evident in diabetics (5.4 ml/min per year benefit) (35). We did not find associations between either total or animal protein intake and eGFR decline after adjusting for clinical covariates in this study. Compared with the previous investigations, our observational study has the advantage of an 11-year follow-up for eGFR change and inclusion of over 700 diabetics in a group with well-preserved kidney function at baseline.
Of the 3348 women in this study, 1624 women were included in a previously published analysis reporting an association between animal protein and eGFR decline over 11 years (9) . The association was seen only in those with baseline creatinine clearance of Ͻ80 ml/min (Ϫ1.69 ml/min per 1.73 m 2 over 11 years per 10-g increase in nondairy animal protein) (9), but we did not observe a statistically significant association in this expanded study population. One difference is that in the first study, eGFR change as a continuous variable was the primary outcome, whereas a dichotomous categorization for eGFR decline was used here. Also, cumulative average nutrients were used here, whereas the previous analysis used protein intake from the 1990 FFQ only.
The association of higher salt intake with eGFR decline was consistently seen in our analyses. A previous observational retrospective study also reported that higher salt intake (4.6 g versus 2.3 g per day measured by urinary sodium excretion) was associated with faster creatinine clearance decline (Ϫ0.41 versus Ϫ0.25 ml/min per month, P Ͻ 0.05) over 3 years in 57 Italians with baseline creatinine clearance between 10 and 40 ml/min (36) . Modulation of TGF-␤ has been proposed as a key link between high dietary sodium and progressive kidney function decline on the basis of multiple animal studies (37) . Elevated BP from higher sodium intake may also play an important role in eGFR decline. This study provides additional evidence that higher sodium is associated with eGFR decline in people with well-preserved kidney function.
Antioxidant vitamin supplementation decreases intrarenal free-radical damage in streptozocin-induced diabetic rats (38) . We found no published data on ␤-carotene (abundant in green leafy and root vegetables) and kidney function in animals or humans, however, and only sparse data on vitamin E and long-term kidney outcomes in humans. An 8-month, doubleblinded, randomized crossover trial of 36 people with type 1 diabetes found that vitamin E supplementation normalized supranormal creatinine clearance (39) . We previously noted that higher intake of vitamin E was significantly inversely associated with presence of eGFR Ͻ60 ml/min per 1.73 m 2 in a Adjusted for age, hypertension, BMI, diabetes, cigarette smoking, activity (mets/wk), and cardiovascular disease. MA models also adjusted for eGFR and angiotensin-converting enzyme inhibitor/angiotensin-type 2 receptor blocker medication use (note: very similar results if saturated fat used instead of animal fat). type 2 diabetics in NHS women as well as in the Health Professionals Follow-Up Study in a cross-sectional analysis (40) . One randomized, double-blind study of 93 patients with mild to moderate CKD reported that intervention with pravastatin, vitamin E supplementation, and homocysteine-lowering therapy improved vascular parameters but showed no difference in renal function after 2 years (41); the small number of participants and relatively short follow-up make it difficult to draw strong conclusions.
Some important limitations of this investigation deserve mention. The study population was composed of mostly older Caucasian women, so the results may not necessarily be generalizable to other races or ethnicities, age groups, or men; however, there is no pathophysiologic evidence to suggest associations between diet and kidney function would be different. Specific values for systolic and diastolic BP for participants were also not available. In addition, ACR was assessed only once in 2000, and therefore the ACR analyses are cross-sectional. The presence of residual confounding is also possible. The possibility of survival bias is present because those women who died before 2000 would not have been included in this study; however, we would expect this to bias the results toward the null in that participants with faster eGFR decline would be more likely to die earlier.
In summary, diets lower in animal protein, animal fat, and cholesterol may be protective against MA. Notably, consumption of two or more servings of red or processed meat per day was associated with an approximately 50% increased odds for MA. Lower sodium and higher ␤-carotene intake may be protective against GFR decline. These associations appear to be stronger when considering cumulative average intake over many years and are similar in nondiabetics and diabetics. These findings suggest that dietary modification may be an important strategy in maintaining kidney health.
